Resonators and the way they couple to external radiation rely on very different concepts if one considers devices belonging to the photonic and electronic worlds. The terahertz frequency range, however, provides intriguing possibilities for the development of hybrid technologies that merge ideas from both fields in novel functional designs. In this paper, we show that high-quality, subwavelength, whispering-gallery lasers can be combined to form a linear dipole antenna, which creates a very efficient, lowthreshold laser emission in a collimated beam pattern. For this purpose, we employ a terahertz quantum-cascade active region patterned into two 19-μm-radius microdisks coupled by a suspended metallic bridge, which simultaneously acts as an inductive antenna and produces the dipole symmetry of the lasing mode. Continuous-wave vertical emission is demonstrated at approximately 3.5 THz in a very regular, low-divergence (±10°) beam, with a high slope efficiency of at least 160 mW A − 1 and a mere 6 mA of threshold current, which is ensured by the ultra-small resonator size (V RES /λ 3 ≈10 − 2 ). The extremely low power consumption and the superior beam brightness make this concept very promising for the development of miniaturized and portable THz sources to be used in the field for imaging and sensing applications as well as for exploring novel optomechanical intracavity effects.
INTRODUCTION
Recent years have witnessed an increasing interest in terahertz (THz) radiation technologies; research has ranged from the pure physics of electromagnetic waves between the optical and microwave regions to diverse applications in fields such as medical diagnostics, safety, quality control and observational astrophysics 1,2 . Remarkably, the particular wavelength of electromagnetic waves at these frequencies allows devices with hybrid configurations that are between photonics (wavelengths from hundreds of nanometers to several microns, which are typically smaller than the device) and electronics (wavelengths on the order of millimeters and longer, which are typically larger than the device), thereby interchanging and using concepts from both worlds [3] [4] [5] .
The coherent emission of THz-frequency light in cavities exploiting single-plasmon 6 or micro-strip line architectures 7 has been widely reported in the last decade. This is performed by exploiting quantum cascade semiconductor heterostructures, which rely on intersubband transitions between conduction energy levels 8 . The tight confinement of the resulting guided mode in the growth direction of the heterostructure ensures low lasing thresholds, but also results in poor out-coupling and detrimental large divergence of the emitted beam, which is mainly due to the diffraction of light at the device's facets (see, for example, Castellano et al. 9 ).
One possible solution entails patterning the top metallic surface, to match the guided mode and the photons propagating outside, and simultaneously generating a collimated beam by interference 10 . In this line of thought, third-order distributed feedback (DFB) gratings 11 in conventional ridge geometries have proven to be the ideal solution for ensuring efficient in-plane single-mode emission, even in very narrow strips with subwavelength lateral dimensions 12 . Alternatively, vertical lasers are obviously very appealing, but they present various challenges 13 : Quantum Cascade Lasers (QCLs) only work in transversal magnetic (TM) polarization due to the intersubband selection rules, which means that vertical cavities are forbidden; ridge cavities are not desirable because they produce strongly elliptical divergence; and finally, in photonic structures that exploit second-order diffraction for extraction in the vertical direction, asymmetric modes are generally favored but display an emission minimum precisely 90°from the surface due to far-field interference 13 . Photonic crystals, both periodic [14] [15] [16] and quasi-random 17 , have shown promising performance, but the beam profiles are still not ideal; they cannot be miniaturized and suffer from operation mostly under pulsed regimes. Diffraction-limited beam profiles can be obtained by employing external cavities based on metasurfaces 18, 19 , but again, they cannot be monolithically integrated into subwavelength devices. Another promising approach is to engineer a set of short-cavity surface-emitting distributed feedback QCLs with a definite phase relation that interact in the far field 20 . This concept has recently allowed highly collimated emission in the THz range under pulsed conditions.
Microdisk resonators operating on whispering-gallery modes (WGMs) are known to yield lasers with very low threshold currents thanks to their combination of a small size and high mode quality factors 21 . For the same reason, however, efficient light extraction is a rather problematic issue and is even more so in the vertical direction 22 ; a recent theoretical proposal suggested that the same metal-sandwiched microdisk cavity could act as a radiating patch antenna 23 , but the concept appears difficult to implement due to the high losses of the mode under consideration. Even more extreme miniaturization is possible by employing laser resonators based on inductance-capacitance (LC) circuits 5 , but to date, this type of laser has displayed only very limited performance.
In this paper, we introduce a novel resonator concept that merges whispering-gallery cavities into a linear dipole antenna emitter. Our hybrid design combines the advantageous high quality factor of WGMs with the optimal feeding of their emissions into the regular far-field profile created by the deeply subwavelength antenna.
By placing two subwavelength microdisk resonators in close proximity, we induce the formation of supermodes, whose Q-factors (with simulated values of 39 and 41 for the lowest and the highest energy ones, respectively) easily guarantee lowthreshold continuous-wave lasing action near 3.5 THz. If the coupling between these resonators is 'guided' by a suspended metallic wire, dipole symmetry is imposed on the modes, which gives rise to a dipole antenna-like field pattern with a resulting strong out-of-plane emission. Additionally, our suspended wire naturally acts as an electrode that allows the QCL heterostructure to be biased without the need for potentially field-perturbing bond wires in contact with the disks.
MATERIALS AND METHODS

Modeling and numerical simulations
The device design was conceived from single double-metal microdisk resonators 24, 25 . This geometry embeds the 11-μm-thick QCL active region within a cylindrical mesa structure, which is covered with a 200-nm-thick metal layer and placed over a metallic, semi-infinite ground plane. The resonator eigenfrequencies associated with the intersubband-allowed TM-polarized modes were computed with the open-system approximation using a finite element method solver, with assumed refractive indexes of 3.6 and 225-319i for the semiconductor stack and the metal, respectively, at 3.5 THz. The simulations returned complex eigenvalues, from which the Q-factors were obtained by considering the ratio between the real part and twice the imaginary part of the eigenfrequencies. Because they were axially symmetric, all the eigenmodes belonged to the C n group, which is the group of rotations with angle 2π⧸n. In the case of a microdisk with a radius of 20 μm, the WGMs with frequencies near 3.5 THz belong to the C 3 group, which means that the field components have six nodes and anti-nodes (three positive and three negative).
If two such resonators are then placed laterally close to each other, the resonant modes couple. The resultant supermodes can be even or odd with respect to mirroring along the x-or the y-axis (in the coordinate system shown in Figure 1a ), which results in four possible mode combinations (Figure 1b ), which we label M 2n, ± ± , where 2n indicates the number of anti-nodes of the mode of a single disk and the first (second) ± indicates even or odd symmetry with respect to the x-(y-)axis. Once the eigenmodes have been computed, their respective far fields can be extracted by employing the Stratton-Chu formula 26 . Their intensity profiles ( Figure 1c , left panel) show that most of the modes presented strong radial contributions and, in general, that the emission in the vertical direction was strongly suppressed. However, when the two microdisks were coupled through a suspended metallic wire (in our case, the wire was 14.5-μm-long, Figure 1a) , the mode behavior changed drastically. The presence of the wire indeed introduced multiple features. The most important one was local enhancement of the resonator coupling with a consequent increase of the electromagnetic energy density between them. This can be best appreciated by comparing the energy density
plots for mode M 6-+ computed without (left panel of Figure 1d ) and with the suspended wire (right panel of Figure 1d ). Second, the wire bridge was able to directly bias both resonators by simply being connected to a bonding pad through a large, non-suspended electrode ( Figure 1a) ; this configuration had the added benefit of creating a virtual ground precisely between the two resonators and then killing the x-even modes in the real device for symmetry reasons. As is clearly visible in the right panel of Figure 1c , adding the suspended wire strongly modified the far-field pattern of M 6-+ , which then showed a strong vertical emission with small divergence. This effect can be qualitatively understood by looking at the resonance field distribution, which matched that of a horizontal dipole with the corresponding radiation profile. Interestingly, this peculiar behavior was activated only when the antenna coupling between the resonators and the radial losses was properly balanced. As expected in laser systems, the modes with sufficiently high Q-factors that were spectrally close to the gain peak were the most likely to lase. As can be qualitatively seen in Figure 2 , by changing the radii of the microdisks, we were able to push modes belonging to different symmetry groups (different values of n and different radial families) within the spectral region of large active gain (the shaded rectangle in the figure). Because it has a different modal shape, each radial family possesses its own coupling and radiative loss rate; these combine to determine the far-field pattern. In particular, we show the emission properties of selected devices with different disk diameters and the connecting wire geometry discussed above for Figure 1 in the right-hand side of Figure 2 . At a fixed resonance frequency of approximately 3.5 THz, as imposed by the heterostructure's gain spectrum, the next lasing mode for decreasing radii was expected to belong to family M 4 (the leftmost panel in Figure 2 ). Smaller radii led to increased radiative losses in the WGMs, which then exceeded the strength of the mode coupling; as a consequence, the emission due to mode M 4-+ included a strong radial component with a residual vertically out-coupled contribution due to the wireinduced dipole effect. Something similar also occurred in the opposite direction when the radius was too large (the rightmost panel in Figure 2 ), which obviously led to tighter mode confinement and less coupling. The far field for mode M 8-+ in microdisks with a radius of 24 μm remained strongly radial with, again, only a residual field amplitude at θ = π/2. The optimal condition was found when the radius was approximately 19 μm (as in our device), which allowed the bending loss to match the coupling strength (in a sort of critical coupling regime), giving rise to a single-lobe, strong vertical emission, as shown in the central panel of Figure 2 .
Device fabrication and testing
As the active core, we selected an 11-μm-thick GaAs/AlGaAs QCL heterostructure exploiting a bound-to-continuum design with a phonon extraction/injection stage 27 . More details of the sample and its gain performance can be found elsewhere 28 .
After the wafer was bonded to a highly doped host substrate using a Cr/Au layer, the structure was mechanically lapped and wet-etched to remove the original substrate and provide access to the highly doped contact layer of the active region. A 400-nm-thick insulating layer of SiO 2 was then sputtered using a 2-nm thermally evaporated Cr layer to improve adhesion. This step was crucial for insulating the bonding pad (4 in Figure 1a ) and the connecting electrode (3 in Figure 1a ) to confine the current flow within the microdisk area. Employing a negative resist (AllResist (GmbH, Strausberg, Germany) ma-N 2403), we then defined a polymeric mask shaped to match the bonding pad and connecting electrodes, and subsequently etched the insulating layer with a buffered-oxide etching (BOE) solution. The wet etching naturally smoothed the edges of the SiO 2 enough to produce a continuous metal film in the subsequent deposition. The last step required further e-beam lithography (AllResist PMMA 679.04 mask) to define all the device components-microdisks, connecting wire, electrode and bonding pad-followed by thermal evaporation of the Cr/Au/Ni 10/200/20 nm metal layers. The Ni layer acted as further protection for the following etching, which was performed with an inductively coupled plasma reactive ion etching machine (ICP RIE from Sentech instruments, GmbH, Berlin, Germany) using a mixture of BCl 3 , Cl 2 and Ar (8/10/6). The latter recipe was calibrated to provide a slight undercut; in this way, the thin connecting wire was automatically suspended between the electrode contact and the microdisks.
RESULTS AND DISCUSSION
The fabricated device (Figure 3a ) was mounted in a continuous-flow liquid-He cryostat and driven either by continuous-wave (when the spectra were collected) or by directly modulating the bias current at 33 Hz. The latter choice was made to maximize the responsivity of the 
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Figure 2 Dispersion of high-quality modes (Q435) as a function of the radius of the disks. We highlight the modes that fall closer to the spectral gain peak (shaded area) and are likely to give rise to lasing action with a red circle. The dispersion of modes belonging to different symmetry groups is almost linear (see the blue lines for the eye), but it is modified due to hybridization with modes localized on the long contact electrode. For selected modes of different radius (and radial families), electric field maps and far-field emissions are also reported for the wire geometry (14.5-μm-long, 470-nm-wide, and 200-nmthick) shown in Figure 1 . In the inset, an enlargement of the norm of the magnetic field around the wire is shown for the device with a radius of 24 μm.
Dipole-antenna terahertz microlaser L Masini et al pyroelectric detector (PYRO 1000 from Infrared System Development, Goldenrod, FL, USA) and use a lock-in detection technique (which was particularly necessary in the far-field measurements). Note that the detector was preliminarily tested against a properly companycalibrated THz pyroelectric detector (GENTEC-EO, INC., Lake Oswego, OR, USA). The voltage drop across the device was measured using a 4-wire connection scheme, and the total emitted power was obtained by integrating the far field scanned at a distance of 7 cm and a collection angle of 50°.
As shown in Figure 3b , a remarkably low lasing threshold was observed. It varied from 5.7 to 6.3 mA (which corresponded to a current density of 250-275 A cm − 2 ) as a function of the heat sink temperature. Despite its very subwavelength size, with a resonator volume of 2 × 11 μm (πR 2 )≈2.5 × 10 4 μm 3 at a wavelength of λ 3 ≈1 × 10 6 μm 3 , the laser provided strong emission with an integrated power of up to 220 μW, a slope efficiency of approximately 160 mW A − 1 , and a wall-plug efficiency of approximately 0.26%.
The measured threshold current at 7 K was slightly smaller than the one observed for a ridge waveguide fabricated with the same heterostructure as a reference (300 A cm − 2 at 10 K). Although this difference could be attributed to the larger Q-factor of our resonator, uncertainties spanning from the estimate of the active area and the actual laser operating temperature did not allow us to make any quantitative conclusion regarding comparing the thresholds of in the two devices.
The 10 K emission spectrum near maximum power (13 V bias, see Figure 4a ) shows two lasing modes, which can be attributed to mode M 6--(weaker peak) and to mode M 6-+ (stronger peak); they are expected to be simultaneously active in the far field with relative contributions that are proportional to the ratio of the intensities of the related emission lines I M6--=I M6-þ ¼ 0:04. Whereas mode M 6--had a slightly lower threshold than mode M 6-+ , when the injection bias was increasing, the M 6-+ peak quickly dominated the spectrum, thanks to the better output and collection efficiency of the collimated beam (see the inset in Figure 4a ). It is worth adding that the spectral measurements in Figure 4 were collected by an f/1 parabolic mirror placed at the same distance from the pyroelectric detector as in the farfield experiment. The collection angle was then roughly the same as that scanned in the far-field measurements. Although it is true that this was a rough approximation, it was at least reasonable to assume that the relative contribution of the modes to the far-field measurements corresponded to the relative intensity recorded in the spectra.
The emission patterns were collected at a distance of 7 cm, and IV and LI curves were simultaneously enacted to examine the complete evolution of the emission with the laser driving conditions. Whereas we saw a mostly diffused pattern just above the threshold, as soon as mode M 6-+ became dominant, an intense central spot with a divergence of ± 10°appeared in the vertical direction (Figure 4b ). The simulated (Figure 4c ) far-field maps were created by extracting the field components of modes M 6--and M 6-+ using the Stratton-Chu formula and weighting the respective intensity maps with the intensity ratio deduced from the spectral measurements (see above). The comparison with Figure 4b shows nearly perfect agreement with the experimental emission profile.
CONCLUSIONS
Combining the optimal photonic properties of WGM resonators and the efficient radiation patterns provided by metallic antennas, we realized subwavelength THz microresonators that display extremely low laser thresholds (o6 mA) with 220 μW vertical output power in continuous-wave and in a very regular beam profile. Together with the expected benefits for practical applications that require miniature THz sources featuring low power consumption and high brightness, the proposed device concept opens the path to more visionary perspectives by borrowing concepts that traditionally belong to different fields. Intriguingly, a device with a similar geometry could indeed be used for experiments in which mechanical vibrations affect the laser action itself 29 . It has been seen that the fundamental optical mode in conceptually similar devices is somewhat related to the one of LC resonators 5 in which the two regions of the heterostructure behave as capacitors connected by inductance, which, in our case, is the suspended wire. Note that for the geometrical parameters reported in this manuscript, the simulated frequency of the LC-like mode is at Dipole-antenna terahertz microlaser L Masini et al approximately 0.38 THz, which is too far from the spectral gain peak to expect any lasing action; an appropriate rescaling of the geometric size is required to push the mode to higher frequencies. If lasing action in the LC mode were indeed achieved in our geometry, one would be able to achieve a system in which the inductance changes with the distance between the wire and the ground plane and overlaps with nearly half of the mode's total energy. Its vibrations could then lead to interesting phenomena, such as stabilization of the lasing mode and frequency tuning. Figure 4 (a) Laser emission spectrum collected using a Fourier-transform infrared spectrometer in rapid scan mode with a DTGS internal detector and a parabolic gold mirror with a focal length of 50 mm while the QCL was driven at 13 V at a heat sink temperature of 10 K. Inset: evolution of the spectral emission as the bias is increased from slightly above the threshold (10.8 V) to 11 V. From 11 to 13 V, the spectral shape is the same. (b) Measured far-field pattern collected with a pyroelectric detector mounted on a motorized stage control and placed at a distance of 7 cm from the laser surface plane under the same experimental conditions as in a. To completely evaluate the whole emission pattern, a scan range of 11 cm was chosen. The origin of the coordinate system corresponds to the vertical direction. Five-point smoothing was introduced to account for the large sensitive area of the detector used. The white isolines were extracted from the simulations reported in (c). We incoherently added the far-fields relating the M 6--and M 6-+ modes by considering their relative intensities, which were obtained from the emission spectrum.
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